Abstract-This work presents a theoretical discussion on the ability of traditional noise power ratio (NPR) setups to characterize the in-band signal distortion of general RF circuits. It is shown that NPR tests are optimistic in estimating co-channel distortion, as they are blind for the signal-correlated components. Therefore, an alternative standard for co-channel distortion specification and the associated measurement setups are theoretically proposed and experimentally validated.
I. INTRODUCTION

I
T IS an established truth that, contrary to what happens in the linear domain-where superposition applies-the response of nonlinear systems to a general input cannot be derived as a finite set of basis functions from measurements of the output. Therefore, the accuracy of characterization, or usefulness of the specification of such systems, depends on the similarity of the test excitations to the input signals handled in nominal operation.
This has been the driving reason for replacing the traditional carrier to intermodulation distortion ratio figure of merit of nonlinear telecommunications circuits, , with more evolved specification standards. If the previous one-tone test results, as AM/AM and AM/PM characteristics, were rapidly recognized to be incapable of describing all forms of distortion arising in the presence of a real multi-tone or full band-limited spectrum excitation, the two-tone stimulus constitutes an improvement, but not the solution. As a matter of fact, if the system were assumed to be third order and memoryless, i.e., whose input-output relation could be modeled by a simple third-degree power series of the form (1) and the input were a single sinusoid (2) it is clear that the one-tone test only handles distortion components of the form (signal-correlated The authors are with the Instituto de Telecomunicações, Universidade de Aveiro, Aveiro, Portugal (e-mail: jcpedro@ieee.org; nborges@ieee.org).
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co-channel distortion). Thus, it would be unable to describe distortion side-bands (uncorrelated adjacent-channel spectral regrowth) such as or . But, on the other hand, if the power series' excitation were composed of two sinusoids (3) the two-tone test would still be inadequate for predicting composite triple-beat signal-uncorrelated components, such as . Either of these reflect adjacent or co-channel distortion.
Since the above is a direct consequence of the fact that an th order Volterra system requires distinct tones for its complete identification [1] , telecommunications engineers have gradually recognized the necessity of specifying and testing their systems using multi-tone or band-limited noise excitations. As a result, many other distortion standards appeared; among these are the adjacent-channel power ratio, ACPR (for systems where adjacent-channel spectral regrowth is of primary importance), and noise power ratio, NPR (for systems where co-channel distortion plays a major role) [2] - [4] .
Unfortunately, as will be proved theoretically in Section II, NPR tests are optimistic in characterizing co-channel distortion, since they are blind to the signal-correlated distortion components. Accordingly, an alternative in-band distortion standard and the corresponding testing procedure are still needed. This will be the objective of Sections III and IV of this paper.
II. NPR TESTS AND CO-CHANNEL DISTORTION EVALUATION
The procedure that will be followed to discuss the ability of NPR tests in evaluating co-channel distortion is based on determining the output of our memoryless third-degree nonlinear system, when excited by a band-limited white Gaussian noise signal with a notch of infinitesimal width. The calculation will be first carried out in the time domain, using general autocorrelation functions, ACR. Then it will be passed to the frequency domain, for determining the corresponding output power spectral density functions, PSD.
If is a Gaussian noise signal characterized by its ACR function and PSD, , it can be shown that of (1) can be represented by a corresponding ACR, , such that whose PSD is thus
Here, is a Dirac delta function at 0, and stands for spectral convolution.
If is the PSD of a band-limited white Gaussian noise centered at , of constant amplitude , spanning from to and to , the PSD of the linear signal components is thus (6) which constitutes merely a scaled replica of the input.
The second-order PSD components can be identified as the ones dependent on the second-degree coefficient (7) and are composed of two terms. The first one is the Dirac delta function at dc, of amplitude proportional to the normalized power of squared. It describes the system's bias deviation from the quiescent point, as the excitation level varies. The second term comprises two triangles of peak amplitude, centered at , plus another one of centered at dc, all of bandwidth. These represent the system's second harmonic and difference frequency components, respectively.
Finally, third-order PSD components are those proportional to the third-degree coefficient (8) and include also two distinct parts. Even though the first term has the same shape of the input, it is by no means a linear component, as it increases cubically, not linearly, with the input signal level. It actually represents third-order signal-correlated co-channel distortion. [The remaining term of (5), , is, indeed, a sign of that correlation]. The second term describing third-order distortion comes from a three-fold convolution. Therefore, it can be computed as the convolution of with the three triangles previously found for the second-order distortion. It, therefore, consists of two pairs of parabolic shaped spectral regrowth bands, all of bandwidth. One of these pairs is centered at and represents the system's third harmonic distortion. The The lower and upper adjacent-channel distortions are therefore given by the first and third parts of (9), respectively. This implies that the signal to adjacent-channel distortion ratio, SADR , can be calculated as SADR (10) and integrated adjacent-channel power ratio, ACPR, as shown in (11) at the bottom of the page.
Co-channel distortion is calculated by adding the power of the signal-correlated and uncorrelated distortion, expressed by the first term of (8) and the intermediate part of (9), respectively. Therefore, the signal to co-channel distortion ratio, SCDR , can be calculated as SCDR (12) while the integrated co-channel distortion power ratio, CCPR, as shown in (13) at the bottom of the next page.
These are the true signal to adjacent-channel or signal to co-channel power ratios available at the system's output under normal operation.
ACPR (11)
The traditional way to measure these distortion figures of merit is the NPR test. It can be explained by the above theory, except that the excitation is no longer a full rectangular noise spectrum, but includes a notch. That is, the excitation is exactly the same as above except for a certain infinitesimal band inside , , where the PSD has zero amplitude. The NPR test relies on a valid hypothesis in which, if 0, the total input signal power is still , whether the notch is present or not. In this case, it can be easily shown that the two-fold and three-fold convolutions of second-and third-order distortion remain unchanged. So, if signal-uncorrelated distortion were measured in the presence of a full excitation spectrum, or with one including an infinitesimal notch, there would be no noticeable difference. For example, the observed SADR and ACPR would be unchanged.
However, if co-channel distortion were to be estimated from a measurement within the notch position (which is usually done in a traditional NPR test to obviate the perturbation imposed by the large output linear signal), no signal-correlated distortion component could be observed, as no signal input is present there. Consequently, the NPR test would result in a misleading SCDR of SCDR (14) which is optimistic in about 5.6 dB in the middle of the signal bandwidth, and up to 7 dB in the bandwidth extremes. The integrated CCPR would be as shown in (15) at the bottom of the page, which is four times higher than the system's true signal to co-channel distortion power ratio.
In fact, the NPR test is completely blind to the signal-correlated distortion components; so, it cannot evaluate AM/AM or AM/PM characteristics. (In an extreme case, the philosophy behind the NPR test would imply that any band-pass system subject to a sinusoidal excitation is always linear!). This implies that, in situations where signal-correlated distortion is higher, as is the case of systems already showing significant gain compression (therefore requiring a power series model with a larger number of terms), the differences between actual SCDR , CCPR, and SCDR , CCPR would even be greater than the ones predicted by our simplified third-degree model.
In conclusion, an NPR test is nearly 6 dB optimistic in estimating third-order co-channel distortion ratio and tends to become gradually worse as the input signal level departs from small-signal operation. Therefore, a new laboratory setup for corrected CCPR evaluation is needed.
III. NOVEL CO-CHANNEL DISTORTION MEASUREMENT SETUP
From the previous section, it became clear that a true co-channel distortion evaluation requires the presence of the full noise spectrum at the system's input. However, a comfortable observation of the output co-channel distortion components demands that the strong linear output components have previously been canceled. To solve this apparent dilemma, we used an idea derived from the feed-forward power amplifier linearization loops [5] , [6] .
This type of linearizer is composed of two loops, usually named the signal cancellation loop and the distortion cancellation loop. The first one subtracts the input signals from a scaled version of the nonlinear amplifier output to create the so-called error signal. This error signal is then used to cancel out any distortion components present at the amplifier's output, in the distortion cancellation loop. A close look into this simplified feed-forward operation indicates that the error signal is exactly our in-band distortion component of interest. Actually, the signal subtraction performed in the signal cancellation loop is the solution to our dilemma, as it eliminates the required output linear components, while preserving the full excitation spectrum. Hence, the proposed arrangement for measuring correct in-band distortion products is based on the feed-forward signal cancellation loop.
A block diagram of such a measurement setup is depicted in Fig. 1 . It is composed of a variable noise input spectrum generator, VNG, followed by the previously described signal cancellation loop, and a spectrum analyzer for visualization.
The VNG should produce an approximately rectangular noise spectrum, needed for CCPR or ACPR testing. In its most general form, it may be built from an modulator by up-converting two low-pass filtered base-band noise signals, as is represented in Fig. 2 . Alternatively, it can also generate other appropriate excitation signals, if special-purpose applications are sought. The traditional NPR excitation is simply a particular form of those.
The upper branch of the signal cancellation loop includes the device under test, DUT, while the lower is simply an amplitude and phase adjustment network intended to replicate the DUT's output linear components. The desired output signal subtraction is performed in the final coupler, whose output is then observed with a spectrum analyzer. Finally, the amplifier, HPA, and calibrated attenuator, ATT, are required to control the DUT's input excitation level. As will be shown next, this attenuator plays a key role on the setup calibration.
The measurement process is based on the fact that for the majority of devices where distortion is an important issue, the output can be modeled as the sum of a strong linear component, in (1), plus higher order distortion products arising from [7] . An interesting consequence of this description is that, for a small enough input drive level, the linear part dominates output distortion. Also, since low-level in-band distortion is dominated by third-order products arising from , the signal-to-distortion ratio will increase 2 dB for each dB of input power reduction. That is, provided the DUT input level is sufficiently backed-off, the device will behave as if it were linear. Let us refer to this reduced input power level as . If all elements in the signal cancellation loop, except the DUT, are linear, a bridge adjustment at eliminates any DUT output linear components, regardless of drive level. Therefore, any error signal present at the bridge output, caused by an increase in input power, must be some form of DUT distortion.
In summary, the measurement process begins by increasing ATT until no distortion is noticeable at the DUT's output; i.e., until observed sidebands are masked by the setup noise floor. At this drive level , the bridge is adjusted for a full signal cancellation.
In practice, however, a residual signal component will always be present at the output because the two branches can exhibit a perfect match only at the bandwidth center. This residual output signal constitutes the ultimate limitation for measuring very high CCPR values. As an example, the implemented loop used for experimental validation was built for a PA with 2 GHz central frequency, and was capable of about 55 dB cancellation within the tested 520 kHz channel bandwidths. That allowed easy CCPR measurements as high as 45 dBc.
After calibration, the input drive level is readjusted to its nominal value, reducing ATT. The error signal now displayed in the spectrum analyzer is the desired co-channel and adjacent-channel distortion.
Beyond performing corrected CCPR measurements, which were not possible before, this setup offers at least three additional advantages. First, it is sufficiently simple to be built with components that are readily available in any RF or microwave laboratory. Second, it shares the mature technology of feed-forward linearizers [5] , [8] - [10] . Third, the cancellation of the DUT strong linear output components prevents generation of distortion in the spectrum analyzer [11] .
IV. PRACTICAL CCPR AND NPR EXPERIMENTAL RESULTS
The particular VNG implemented provides configurable analog noise channels of nearly 520 kHz bandwidth. They were created by low-pass filtering (260 kHz elliptic filter) the output of an analog low-frequency noise generator, followed by up-conversion to a center frequency of 2 GHz. Alternatively, the base-band noise channel can also be high-pass filtered by a narrow bandwidth elliptic filter of 10 kHz, to create the usual notch of an NPR test (gap of 20 kHz bandwidth).
Because the generated baseband noise is a real signal, its negative spectrum is precisely the complex conjugate of the positive part. Consequently, the up-converted RF noise spectrum is not a pure band-limited white noise signal, but is composed of two phase-correlated halves around a carrier. Nevertheless, these noise channels are still good representations of signals of practical interest, and do not compromise the theoretical conclusions previously inferred.
Some care was used in setting the drive level applied to the frequency converter and the HPA, in order to prevent undesirable distortion in these nonlinear devices. Otherwise, this distortion would become a source of measurement uncertainty. It should be noted, however, that we do not need to eliminate this error source completely, as it will be partially removed, afterwards, by the signal cancellation loop. It should be simply reduced to a point that produces a level, after loop cancellation, which is sufficiently weaker than the DUT distortion under observation. Fig. 3 shows results of CCPR evaluation of our DUT, an S-band medium power amplifier. The highest level trace is the complete DUT output at nominal input drive level. The one near the noise floor is the residual signal, after setup calibration. This was accomplished by first reducing the excitation by 11 dB, closing the loop, and adjusting the amplitude and phase of the linear signal branch.
The distortion reveals itself (in the trace of intermediate level) when the input drive is resumed to its nominal value. Note the jump in distortion level present in the interface between adjacent and co-channel locations. The similarity in shapes of co-channel distortion to the input spectrum is an obvious sign of the predicted signal-correlated distortion components. So, these are the true co-channel and adjacent-channel distortion components that would be obtained if the power amplifier were operated under such a continuous spectrum excitation.
For comparison purposes, Fig. 4 shows measurement results of a corresponding NPR test obtained with the same setup, and at the same total input power level.
Again, the trace of lowest power spectral density level corresponds to the residual signal after loop compensation, while the one of highest level is the DUT output at nominal power (11 dB over ). It is the response that should be expected from any conventional NPR setup. The trace of intermediate level is the DUT output after linear signal cancellation. It is, therefore, the distortion of interest. Note the difference of about 5 dB between the distortion level coincident with the input signal and within the notch. Also, note the distortion increase in the notch edges, which indicates the theoretically predicted blindness of the NPR test to the signal-correlated distortion components. A comparison between the in-band distortion behavior shown in Figs. 3 and 4 indicates a difference in distortion level of about 6 dB in the bandwidth center, which would extrapolate to nearly 8 dB at the bandwidth extremes. These are direct consequences of the corrections of 5.6 dB and 7 dB theoretically predicted in Section II for the center and the extremes of the bandwidth, respectively. Those results clearly validate the theoretical statement that NPR measurements neglect co-channel signal-correlated distortion components, and that a new distortion measurement setup, like the one now proposed, is needed.
In order to prove the increasing difficulty of traditional NPR tests to provide correct estimates of co-channel distortion in situations of noticeable gain compression, the above experiments were repeated at a significantly higher input power. The most important difference from the results previously reported for small-signal distortion (Fig. 3) is the increased co-channel and adjacent-channel distortion levels. Now, even fifth-order distortion is evident, a clear indicator of large-signal operation. Furthermore, the distortion level increase imposed by the signal-correlated components suffered a dramatic rise from about 6 dB to nearly 15 dB, a predicted consequence of visible gain compression. Fig. 6 is a repetition of the test of Fig. 4 for a stronger excitation. As expected, the difference between the measured co-channel distortion inside and outside the notch has also increased from its small-signal value. This validates the statement that the NPR test is a less accurate co-channel distortion estimator as the system's operation leaves the small-signal, or third-order distortion, zone. In the limit, when the input level is so high that output power and signal-uncorrelated distortion tend to their saturated values, signal-correlated distortion must continuously rise linearly, to compensate for the constant linear increase of the term .
V. CONCLUSION
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